Introduction spinal segments (Porter and Lemon, 1993) . Corticomotoneuronal (CM) cells produce monosynaptic excitaSynchronous neural activity in the cerebral cortex has tion of motoneurons, while corticospinal projections to been the focus of much recent interest. For instance, inhibitory interneurons cause postspike suppression of synchronous spike discharge in the visual cortex has muscles. Many CM cells produce postspike effects in been implicated in the mechanism of perceptual binding more than one muscle; the extent of these effects de-(von der Malsburg, 1981; Eckhorn et al., 1988; Singer fines the target "muscle field" (Fetz and Cheney, 1980; and Gray, 1995) . The "binding hypothesis" proposes that Buys et al., 1986). V1 neurons become synchronized when they encode Using multiple electrodes we were able to record siinformation pertaining to the same object in a visual multaneously motor cortex neurons with both overlapscene. This synchrony increases the salience of related ping and nonoverlapping muscle fields. Synchrony befeatures at a higher processing level. It has also been tween cells was assessed by cross-correlation analysis suggested that assemblies of synchronously active neu- (Perkel et al., 1967; Kirkwood, 1979; Baker et al., 2001 ). rons play a more widespread role in the processing of Particular care was taken to ensure that the underlying information by the brain. If synchronous EPSPs exert a firing pattern of each neuron did not bias the measure greater influence over a postsynaptic neuron than asynof synchronization. chronously arriving inputs, then synchrony could proWe found that cell pairs with similar muscle fields vide a mechanism by which information can be reliably exhibited significantly greater synchronization than pairs transmitted through a network of weak synaptic connecwith nonoverlapping muscle fields. Furthermore, cells tions (Abeles, 1982, 1991; Vaadia et al., 1995; Alonso et with opposing effects in the same muscles exhibited al., 1996; Singer et al., 1997). These issues can now fewer synchronous spikes than would be expected by be addressed due to developments in multielectrode chance, referred to as "negative synchronization." These results could not be explained by a disproportionate contribution of synchronous spikes to STA effects. We significance. This is partly because significance testing yielded 144 cell pairs. Analysis was performed on continwas applied to individual bins, while the synchronization uous sections of data typically lasting 30 min and incorvalue represents the average of the five central bins. In porating around 300 trials. Between 9,700 and 136,500 addition, the significance level will depend upon the spikes in total were recorded from each neuron (mean number of spikes used to compile the CCH, and if this 44,200).
is large, then small effects can reach significance. The peak width at half-maximum (PWHM) and time Cross-Correlation of Spike Trains lag of significant CCH peaks and troughs are shown in Figure 1A shows a cross-correlation histogram (CCH) Figures 1F and 1G , respectively. Note that many of these for a pair of simultaneously recorded PTNs. Because effects were quite narrow, although the width at the base the activity of both cells may covary in relation with the of the peak was typically two to four times the PWHM task, we also calculated a cross-correlation predictor (c.f. Figure 1B) . Most maxima occurred in the central using estimates of the instantaneous firing rate of each bin (Ϯ1 ms), whereas the distribution of minima was cell (IFR) (Pauluis and Baker, 2000; Baker et al., 2001).
offset by 2-4 ms ( Figure 1G ). We also observed symmetThis is shown by the dashed line in Figure 1A and takes rical CCH troughs with minima either side of zero lag into account correlated firing rate modulations but not (c.f. Figure 1C ). These differences in timing might sugthe precise timing of spikes. Figure 1B shows that the gest that positive synchronization arises mainly from percentage excess of observed CCH counts above this common inputs to each cell, whereas negative synchropredictor exhibits a significant central peak. An excess nization involves serial inhibitory connections (Perkel of 18% in the zero-lag bin fell to below half this value et al., 1967). In this study, no attempt was made to within one bin width (2 ms). Synchronization was defined differentiate between types of cross-correlation effect. as the mean excess within Ϯ5 ms of zero lag; the value In the subsequent analysis, only the synchronization in this case of 6% was typical for the cell pairs we value as defined above was used, irrespective of the analyzed. In addition to positive synchrony, we also obsignificance, width, or timing of peaks and troughs. The served CCH troughs indicative of negative synchrony.
range of Ϯ5 ms of zero lag was chosen since it covers Figures 1C and 1D shows one such cell pair. In this case the large majority of effects. The advantages of this method are that no assumptions are made about the the synchronization value was Ϫ7%, reflecting fewer being judged as caused by synchrony. 3.2), although since a restricted set of muscles were Baker and Lemon (1998) discussed two potential sampled, this is likely to underestimate the true extent. PWHM criteria (7 or 9 ms). In choosing the more stringent Figure 2A shows all STAs for two cells exhibiting posiof these, it is possible that some genuine effects may tive synchronization (same pair as Figure 1A ). Both cells have been excluded. However, for the purposes of the showed similar facilitation of EDC and ECR. Figure 2B present study, this was considered preferable to the shows muscle fields for two cells exhibiting negative inclusion of synchrony effects which could potentially synchronization ( Figure 1C ). Note that these cells produce bias the results. Figure 2D shows the PWHM distribution opposing postspike effects in AbPL, EDC, and ECR. The for accepted PSF and PSS effects. Note that no criterion second cell also facilitated FDP, FDS, and AbPB.
was applied to the PWHM of PSS effects; these would Two quantities were used to characterize each effect: be expected to be wider due to the additional inhibitory the latency of peak facilitation (or suppression) and the synapse. Therefore the 10% of PSS effects with a PWHM PWHM. Figure 2C shows the latencies of all PSF and greater than 7 ms were included in the analysis. PSS effects. Effects in intrinsic hand muscles had a slightly longer latency (mean, 11.0 ms) compared with extrinsic hand muscles (mean, 10.0 ms; two-sample t Relationship between Synchronization and Postspike Effects test, p ϭ 0.0004), consistent with a longer peripheral conduction distance. In addition, PSF had a shorter laTo determine whether synchrony between a pair of CM cells was related to the similarity between the two mustency (mean, 10.1 ms) than PSS (mean, 10.9 ms; two- ures 4A and 4B is that the synchronous spikes from a accounted for the similarity of task modulation using partial correlation, the relationship between synchronization and muscle field divergence remains statistically significant (n ϭ 144, r partial ϭ Ϫ0.54, p Ͻ 0.0001). However, the partial correlation coefficient between similarity of task modulation and synchronization, accounting for the effect of muscle field divergence, is not significant (n ϭ 144, r partial ϭ 0.13, p ϭ 0.12). Therefore, this weak correlation between synchronization and similarity of task modulation may be explained by a stronger interaction with muscle field similarity, combined with an association between firing patterns and muscle fields.
Effect of Electrode Separation
One possible explanation for the correlation between synchronization and muscle field similarity could be covariation of both factors with the distance between neurons. Neighboring neurons might be expected to exhibit greater synchrony (Fetz et pairs, again grouped according to separation. There is no effect of separation on the probability of muscle field overlap.
as shown in Figure 5B . Therefore, over the range of the cross-correlation peak between cells, resulting in a wider profile. It should be pointed out however that the PWHM criterion is based on a computer simulation depending critically on several factors, particularly the these data, there was no statistically significant differwidth of the CCH peaks between cells. Classification of ence between the facilitation by synchronous pairs of genuine and synchrony effects was found to be adespikes from cells which share a target muscle and an quate for cross-correlation widths (at half-maximum) equivalent number of unsynchronized spikes. However, down to at least 2.8 ms (Baker and Lemon, 1998), but the 95% confidence range for this ratio encompasses for some of the narrower CCH peaks summarized in values between 0.94 and 1.14; thus, small nonlinearities Figure 1F , separation of postspike effects based on would not be resolved by this method.
PWHM may be unreliable. Figure 6D Lemon, 1996) . We found was not only the synchronous spikes producing postspike facilitation (Figure 6 ). Despite this, the contrithat the greatest synchronization was observed between pairs of cells with overlapping muscle fields. Cells bution of synchrony to PSF magnitudes could affect the proportion of effects reaching significance, producing with nonoverlapping muscle fields exhibited less synchrony. Furthermore, cells with opposing effects in the a spurious correlation between synchronization and muscle field overlap. This situation will be exacerbated same muscles had negative synchronization, implying fewer synchronous spikes than would be expected by if synchronous spikes contribute disproportionately to the PSF. However the double STA revealed that at worst chance. Thus, synaptic connections mediating synchrony exist predominantly between CM cells sharing (within the 95% confidence range of the data) the effect of synchronous spikes was 1.14 times the effect of asynthe same output connectivity. This system of organization could underlie the synchronization of cells with simichronous spikes. Incorporating this nonlinearity into the convolution method will influence the result by only lar task modulation (Fetz et al., 1990; Pinches, 1999 (2) before release. Auditory cues were given when the levers were within target and at the end of the hold period.
As a result, each spike pair contributes one sweep of EMG to the average along the diagonal defined by Equation (2). The effect of synchronous spikes is represented along the main diagonal (t 1 ϭ Recording t 2 ), while asynchronous pairs are offset from this ( Figure 6A ). AverDetails of surgical procedures and the Eckhorn multiple-electrode ages were expressed as the percentage excess above a predicted recording system (Thomas Recording Ltd., Marburg, Germany) have average X IFR (t 1 ,t 2 ) calculated from IFR estimates for each cell F 1 (t ), been described by Baker et al. (1999a Baker et al. ( , 2001 ). EMG was recorded F 2 (t ): from muscles flexor digitorum profundus (FDP), flexor digitorum sublimis (FDS), extensor digitorum communis (EDC), extensor carpi radialis (ECR), abductor pollicis longus (AbPL), abductor pollicis X IFR (t 1 ,t 2 ) ϭ
brevis (AbPB), and first dorsal interosseous (1DI) in both animals. In M33, we additionally recorded from adductor pollicis (AdP) and abductor digiti minimi (AdDM). In M36, all EMGs were recorded X norm (t 1 ,t 2 ) ϭ X observed (t 1 ,t 2 ) Ϫ X IFR (t 1 ,t 2 ) X IFR (t 1, t 2 ) ϫ 100. (4) using implanted patch electrodes (Miller et al., 1993) ; in M33, a combination of implanted, surface, and needle electrodes was used.
Cross-talk between EMG recordings was not more than 20%; for
If there is no interaction between the postspike effects of the individmost pairs it was negligible. Cortical recordings were made in the ual cells, then this excess X norm should approximate to a linear sum hand area of M1, contralateral to the performing hand; both hemiof the contribution from each cell independently: spheres were investigated in both animals. Chamber center coordi-X linear (t 1 ,t 2 ) ϭ X 1 (t 1 ) ϩ X 2 (t 2 ) ϩ c, 
